In this paper, we propose a decentralized motion control algorithm of multiple mobile manipulators for handling a single object in cooperation with a human. In the proposed control algorithm, the grasping point of the mobile manipulator is controlled as if it has a casterlike dynamics referred to as virtual 3-D caster, and each mobile manipulator could handle the object based on an intentional force/moment applied by a human. In addition, the coordinated motion control algorithm between the manipulator and the mobile base for each mobile manipulator is designed. By using these motion control algorithms, the coordination among multiple mobile manipulators is realized without using the geometric relations among robots. The proposed control algorithms are experimentally applied to two mobile manipulators and experimental results illustrate the validity of the proposed control algorithms.
Introduction
In these days, several kinds of robots such as mobile manipulators or humanoid robots have been developed (1) -(3)etc. . Theses robot systems have a mobility using wheels or legs for moving around, and manipulators to realize various tasks. Many researchers have been proposed many control algorithms for them. However, most of the control algorithms proposed so far have been designed for a single robot to do some tasks such as maintenance in nuclear fields, transportation of an object, cooperation tasks with a human, and so on.
The coordination of multiple robots has some advantages similar to the case of humans doing a task in coordination. Especially, the multiple mobile manipulators or the humanoid robots could realize the complicated manipulation of the object in 3-D space by using the manipula-tors. In this paper, we restrict our attention to the handling of a single object in 3-D space by using the mobile manipulators.
To realize the coordination among robots, we have proposed a leader-follower type control algorithm of multiple mobile robots for transporting a single object in coordination (4) . However, this control algorithm has not been designed for the human-robot cooperation, so that this control principal could not apply to the human-robot cooperation system, unless the impedance properties of the human could be identified. Khatib has also proposed a control system by multiple mobile manipulators in cooperation with a human (1) . However, this control system could not realize effective human-robot cooperation without the integration of the human arm inertial properties and a description of the human grasp.
In addition, most of the control algorithms proposed so far for realizing the coordination among robots have been designed under the assumption that the geometric relations among robots are known precisely. However, it is not easy to know the geometric relations among them precisely, especially when the robots handle an object with unknown shape in coordination. Errors in position/orientation of each mobile robot detected by the dead reckoning system are inevitable, because of the slippage between wheels of the robot and the ground. Even if we knew the geometric relations among robots, the geometric relations could not be kept precisely any more because of the errors included in position/orientation information of each mobile robot.
To overcome these problems, we have to design a coordinated motion control algorithm for multiple mobile robots robustly against the inevitable positioning errors. We have proposed the human-robots cooperation system referred to as Distributed Robot Helpers and developed multiple small mobile robots referred to as DR Helper (5) . In Ref. (5) , we have proposed a control algorithm of multiple DR Helpers for transporting a large or a heavy object in cooperation with a human. This control algorithm was designed based on a passivity-based control system to guarantee the stable realization of the human-robots interaction through the manipulated object, so that, each robot realizes the transportation of the object in cooperation with a human without identifying the properties of the human exactly and without using the geometric relations among robots.
However, this control algorithm was applied to the multiple omni-directional mobile robots referred to as DR Helper, under the assumption that the system is used on 2-D plain. In this paper, we consider the handling of an object in 3-D space by using the multiple mobile manipulators in cooperation with a human. To utilize the multiple mobile manipulators for handling an object in cooperation with a human, we consider two types of coordination problem in this paper. One is the effective coordination of multiple manipulators for handling an object in cooperation with a human, and the other is the coordination between the manipulator and the mobile base of each mobile manipulator.
In the following part of this paper, first, we extend the caster-like dynamics on 2-D plain and propose a virtual caster-like dynamics in 3-D space to realize the handling of an object by multiple manipulators without using the geometric relations among the robots, so that a human could handle a single object in cooperation with multiple manipulators in 3-D space as shown in Fig. 1 . In addition, we consider the coordinated motion control algorithm between the manipulator and the mobile base of each mobile manipulator for realizing the effective handling of an object. Finally, we experimentally apply the proposed control algorithms to the multiple mobile manipulators and a human handle a single object together with multiple mobile manipulators.
Caster-Like Dynamics
Mobility of the mobile robots is an important function to cover a working space in an environment. However, the dead reckoning system of the mobile robot is not so reliable in the real working environment. The control system for mobile robot has to be designed robustly against the Let us consider the case where we move an object with multiple casters as shown in Fig. 2 . A chair is a good example of such an object. The caster has a mechanism attached to the chair through its free rotational joint. When a force/moment is applied to the chair by a human, the wheel of each caster rotates around the free rotational joint to the direction of the applied force. Then, the chair could move toward the direction. It should be noted that each caster does not need to know the geometric relations among casters.
If each holonomic mobile robot grasps the object firmly and behaves as if it is the real caster, the manipulated object can move as if multiple casters support it. With such a concept, we have proposed a decentralized control algorithm for multiple omni-directional mobile robots with a virtual caster dynamics on 2-D plane to handle a single object without using the geometric relations among robots (5) .
In addition, the caster-like motion was realized by a passivity-based control system, so that, we guarantee the stable realization of the human-robots interaction through the manipulated object, under the assumption that the passivity conditions for the human/humans are satisfied (5) . The passivity-based controller design is well known in the area of teleoperation (6) etc. , and has been applied to the problem of cooperative handling of an object by robots and humans (5) , (7) etc. .
In this paper, we extend the caster-like dynamics on 2-D plain proposed in Ref. (5) and propose a virtual castelike dynamics in 3-D space to realize the handling of an object by multiple mobile manipulators as shown in Fig. 1 . It should be noted that the caster-like dynamics in 3-D space is referred to as a virtual 3-D caster in this paper.
Virtual 3-D Caster
In this section, first, let us consider the motion of a real caster as shown in Fig. 2 to realize the virtual 3-D caster. The real caster consists of a wheel, a free rotational joint and a wheel support, which connects the wheel and the free rotational joint as shown in Fig. 2 . The motion of the caster is characterized by three kinds of motion. One is the translational motion of the wheel along the heading direction of its wheel, the second one is the rotational motion of the wheel around a point where the wheel contacts with a ground, and the third one is the rotational motion of the free rotational joint around its own.
We extend the motion of the real caste on 2-D plan to the motion of a virtual 3-D caster in 3-D space. To realize the motion of the virtual 3-D caster, we design the virtual 3-D caster as shown in Fig. 3 , which consists of a special wheel, a wheel support and a spherical joint. Similar to the motion of the real caste on 2-D plane, the three kinds of motion of the virtual 3-D caster could be defined as follows; The first one is the translational motion of the virtual caster wheel along its heading direction based on the force applied to the free spherical joint along its heading direction as shown in Fig. 3 (a) , the second one is the rotational motion of the wheel around a rotational axis based on the force applied to the free spherical joint perpendicular to the heading direction of the wheel as shown in Fig. 3 (b) , and the third one is the rotational motion of the free spherical joint around its own based on the moment applied to its free special joint as shown in Fig. 3 (c) .
To discuss the motion of the virtual 3-D caster, we define three coordinate systems as shown in Fig. 4 ; a wheel coordinate system Σ w , a wheel support coordinate system Σ s and a free spherical joint coordinate system Σ f . Σ w is fixed on the wheel, Σ s is fixed on the point of the free spherical joint of the wheel support and Σ f is fixed on the free spherical joint. The direction of x-axis of the wheel coordinate system and the wheel support coordinate system are defined as the heading direction of the caster wheel as shown in Fig. 4 . The motion of the free spherical joint coordinate system is also independent of the motion of the wheel coordinate system and the motion of the wheel support coordinate system.
We consider the motion of the virtual 3-D caster based on these coordinate systems. First, we derive the relation between the force/moment with respect to the wheel support coordinate system and the force/moment with respect to the wheel coordinate system as follows;
where F s = [ f T s n T s ] T ∈ R 6 is the force/moment applied to the wheel support coordinate system and 
where L is the offset of the caster, which is distance between the caster wheel and free spherical joint as shown in Fig. 4 .
To realize the translational motion of the caster wheel along its heading direction as shown in Fig. 3 (a) and the rotational motion of the wheel around a rotational axis as shown in Fig. 3 (b) , the grasping point of each mobile manipulator is controlled so as to have a following dynamics.
where M w , D w ∈ R 6×6 are an inertia matrix and a damping matrix with respect to the wheel of the virtual 3-D caster respectively.Ẋ w ,Ẍ w ∈ R 6 are a velocity and an acceleration with respect to the translation of the caster wheel along the heading direction as shown in Fig. 3 (a) and the rotation of the caster wheel around a rotational axis as shown in Fig. 3 (b) .
Actually, the grasping point of each mobile manipulator is controlled based on the information of the force/torque sensor attached to the grasping point of the manipulator. Therefore, we should derive the dynamics of the virtual 3-D caster with respect to the wheel support coordinate system, which is fixed on the grasping point. WhenẊ s ,Ẍ s ∈ R 6 are a velocity and an acceleration with respect to the wheel support coordinate system, the velocity and the acceleration with respect to the wheel coordinate systemẊ w ,Ẍ w are expressed as follows;
where s C w ∈ R 6×6 is the matrix, which convert the velocity and the acceleration with respect to Σ w into the velocity and the acceleration with respect to Σ s , and is expressed as follows;
From Eqs. (1)-(5), the motion of the virtual 3-D caster based on the force applied to the free spherical joint of the caste is expressed as following dynamics with respect to the wheel support coordinate system.
Next, we consider the motion of the free spherical joint as shown in Fig. 3 (c) . When the robot arm holds the object, the geometric relation between the grasping point and the object is kept unchanged. Each grasping point of the manipulator has to generate the rotational motion of the free spherical joint around its own. For this purpose, the rotational motion of the grasping point is controlled so as to have a following dynamics based on a moment N f applied to the grasping point of the mobile manipulator.
where I f , D f ∈ R 3×3 are an inertia matrix and a damping matrix with respect to the rotation of the free spherical joint.Θ f ,Θ f ∈ R 3 are an angular velocity and an angular acceleration with respect to the free spherical joint. When the grasping point of each manipulator is controlled so as to have these dynamics as shown in Eqs. (6) and (7) , and make the wheel support coordinate system rotate around its origin based on the angular acceleration and the angular velocity expressed in Eq. (6), under the assumption that each joint of the manipulator rotates with a specified angular acceleration and an angular velocity, the grasping point of each mobile manipulator realizes the motion of the virtual 3-D caster.
Adaptive Caster Action
The apparent dynamics of the grasping point of the mobile manipulator is determined by the control parameters of virtual 3-D caster dynamics. In general, when a human applies a force/moment to the object intentionally for handling it, the caster wheel should be rotated to its direction instantaneously and the robot moves along its direction without moving to the another directions. For this purpose, in this section, we propose the control method for virtual 3-D caster dynamics referred to as Adaptive Caster Action.
The caster-like dynamics realized in each robot is strongly affected by the caster offset. When the offset is large, the angular velocity of the caster coordinate system is small. The larger offset will stabilize the straight line motion of the robot against disturbance force perpendicular to the motion direction, but it will make the motion direction change difficult. This is suitable for a gross motion of the robot. On the other hand, when the offset is small, the caster coordinate system rotates to the direction of the intentional force almost instantaneously and the human could handle the object in any directions. This is suitable for fine motion of the robot.
The adaptive caster action adjusts the control parameters according to the tasks, the condition of the environment, the velocity of the robot, and so on, so that both the gross motion and the fine motion of the object supported by multiple mobile robots are realized.
Coordination between Manipulator and Mobile Base
In this section, we discuss a coordinated motion control algorithm between the manipulator and the mobile base of each mobile manipulator. Kosuge et al. have proposed a motion control algorithm of a mobile robot with dual arms referred to as MR Helper for handling an object in cooperation with a human (2) . In this algorithm, the apparent impedance of the manipulated object supported by dual arms was specified by a impedance controller with respect to the mobile base, and the apparent impedance of the mobile base was also specified with respect to the ground. The dynamics of the resultant system consists of the two apparent impedances connected serially as shown in Fig. 5 .
This coordination algorithm is efficient, when a human and the robot execute a cooperative task in free space, because the redundant motion of the robot is automatically generated by the dynamics based on an intentional force/moment applied to the object by a human. However, the motion of the mobile base couples to the motion of the object via the specified impedance of the object. The operator has to handle the object with paying much attention to the motion of the mobile base, when we utilize this system in an environment with obstacles.
To overcome this problem, in this paper, we propose an alternative control algorithm as shown in Fig. 6 . In this algorithm, the virtual 3-D caster dynamics of the grasping point of the mobile manipulator is specified directly with respect to the world coordinate system, and the apparent impedance of the mobile base is also specified relative to a coordinate system, which is kept with constant pose displacement from the pose of the grasping point of the manipulator. By using this control algorithm, a human could handle the object without being disturbed by the motion of the mobile base, even if the mobile base avoid the obstacles automatically by using the external sensors such as the vision sensors, ultrasonic sensors, and so on, so that the human's load would be decreased and the maneuverability of the object would be improved. In the following part of this section, we will propose the control algorithm, which specifies both the apparent impedance of the grasping point of the manipulator and that of the mobile base. We first control the grasping point of each manipulator as if it satisfies Eqs. (6) and (7) for realizing the virtual 3-D caster motion. Next, to decouple the motion of the mobile base and that of the manipulator by utilizing the redundant degrees-of-freedom of the mobile manipulator, we control the mobile base according to the following equation; 
where M base , D base , K base ∈ R 3×3 are an apparent inertia matrix, an apparent damping matrix and an apparent stiffness matrix of the mobile base respectively. F base ∈ R 3 is a force/moment applied to the mobile base. ∆X base ∈ R 3 is a motion deviation of the mobile base according to the force/moment applied to it, and is expressed as follows;
where X base ∈ R 3 is a real trajectory of the mobile base and X d base ∈ R 3 is a pose, which is kept with constant pose displacement from the grasping point of each robot, as shown in Fig. 6 . The motion of the mobile base is generated based on F base , which is measured as the actual force/moment by using a force/torque senor attached to the mobile base, or is derived as virtual force/moment by using a vision sensor, ultra sonic sensor, and so on.
Experiments
The proposed control algorithms were implemented in the mobile manipulators, and we experimented with two mobile manipulators for handling a single object in cooperation with a human to illustrate the validity of the proposed control algorithms.
1 Mobile manipulators
In this section, we briefly introduce the mobile manipulators we developed as shown in Fig. 7 . Each robot consists of an omni-directional mobile base and a 7-DOF manipulator. The manipulator is PA-10, which is commercially available from Mitsubishi Heavy Industries Ltd. (8) The six-axis force/torque sensor (IFS-90M31A) (9) is installed to the wrist of each manipulator. The body force sensor, which is the parallel-link type force/torque sensor proposed in Ref. (10) , is attached to the body for detecting the force/moment applied to the body of the robot. The system is controlled by an on-board PC-compatible system, powered by on-board rechargeable battery and connected to the network system of our laboratory through the wireless Ethernet. The control algorithms were implemented by using VxWorks and the sampling rate of each robot was 1 024 [Hz].
2 Experimental results
In this experiment, a human applied an intentional force to an object supported by two mobile manipulators along y-axis as shown in Fig. 8 , and transported the object along y-axis together with two robots. We also intentionally applied a disturbance force along x-axis to the body force sensor of a robot by other person as shown in Fig. 8 during the transportation of the object to illustrate the validity of the proposed alternative cooperated model of mobile manipulator. It should be noted that the control parameters of the mobile manipulators expressed in Eqs. (6)-(8) were determined experimentally based on the maneuverability of the handling of the object. Experimental results are shown in Fig. 9. Figure 9 (a)-(d) show the motion of the mobile base and the grasping point of each robot and the force applied to the body force sensor attached to the body of the robot and the force/torque sensor attached to the wrist of the manipulator. Figure 9 (e) shows the motion of the mobile base and the grasping point of each robot in 3-D space. As shown in Fig. 9 (b) and (d), each robot transported the object along y-axis based on the intentional force applied by Fig. 10 Example of experiments a human successfully. In addition, as shown in Fig. 9 (c) and (e), even if the mobile base was moved by the force applied to the body force sensor, the motion of the object supported by two manipulators was not disturbed by the motion of the mobile base. An example of the handling by two mobile manipulators and human is shown in Fig. 10 . In this experiment, the human applied the intentional force/moment to the object supported by two mobile manipulators and realized simple tasks for handling the object in coordination with two robots.
Conclusions
In this paper, we proposed a decentralized control algorithm of multiple mobile manipulators for handling a single object in cooperation with a human. In the proposed control algorithm, the grasping point of the mobile manipulator was controlled as if it had a caster-like dynamics referred to as virtual 3-D caster, and each mobile manipulator could handle the object based on an intentional force/moment applied by a human. The coordination between the manipulator and the mobile base for each mobile manipulator was also realized. In this algorithm, the motion of the manipulator is not disturbed by the motion of the mobile base, so that the maneuverability of the object supported by the manipulators would be improved. By using these control algorithms, the coordination among multiple mobile manipulators was realized without using the geometric relations among robots. The proposed control algorithms were experimentally applied to two mobile manipulators and experimental results illustrated the validity of the proposed control algorithms.
The caste-like dynamics could be applied to the leader-follower type coordinated motion control algorithm of multiple mobile manipulators for handling a single object in 3-D space, so that the multiple mobile manipulators or humanoid robots could realize the handling an object by themselves without using the geometric relations among them.
